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SIMULATION AND EVALUATION OF THE SH-2F HELICOPTER IN A 


SHIPBOARD ENVIRONMENT USING THE INTERCHANGEABLE 
CAB SYSTEM 

Clyde H* Paulk, Jr. , David L. Astlll, and Shawn T. Donley* 

Ames Research Center 


SUMMARY 


The operation of the SH-2F helicopter from the decks of small ships In adverse 
weather has been simulated using a large-amplitude vertical-motion simulator, a wide- 
angle computer-generated-imagery visual system, and an interchangeable cab (ICAB) . 
This report describes the simulation facility, the mathematical programs, and the 
validation method used to ensure simulation fidelity. The results show the simulator 
to be a useful tool in simulating the ship-landing problem. Characteristics of the 
ICAB system and ways in which the simulation can be improved are presented. 


INTRODUCTION 


The effectiveness of future naval helicopters will be strongly Influenced by 
their ability to operate from small ships in adverse weather. The present fleet capa- 
bility for helicopter tactical operations is limited by low visibility, uhip motion, 
and airwake turbulence. Operational capability is further reduced by a high pilot 
workload resulting from aircraft control/display deficiencies. The current operating 
minima are 0. 5-mile visibility, obscure ceiling, and sea-state 3. 

Ames Research Center has been assisting the Naval Air Systems Command in explor- 
ing solutions to this problem. The objective of this effort is to develop and demon- 
strate the feasibility of techniques for safe and consistent operations of Navy and 
Marine Corp hovering aircraft from small ships under conditions as severe as obscure 
ceiling, 700-ft forward visibility, and sea-state 5, as well as from austere land 
sites. The operations include takeoff, approach, hover, and landing with both fixed- 
wing, vertical and short takeoff and landing (VSTOL) and rotary-wing aircraft. 

To achieve this goal, the Navy is considering the application of advances in 
multiple technical disciplines, including flight controls and displays, landing 
guidance sensors, visual landing aids, piloting techniques, and deck securing/ 
traversing techniques. The approach includes advanced developments in each of these 
technical disciplines, integration and concept validation through piloted simulation, 
and feasibility demonstrations in dedicated helicopter and VSTOL test-bed aircraft. 

To achieve the program goal for helicopter operations, a new simulator facility 
at Ames was used. Major characteristics of the simulation facility are a wide-angle, 
computer-generated-imagery visual system, an interchangeable cab system, and a large- 


*Naval Air Development Center, Warminister, Pennsylvania. 
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SH-2F HELICOPTER CHARACTERISTICS 
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Automatic Stabilization Equipment 
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maneuver the aircraft in any manner within its maneuvering capability. Upon comple- 
tion of the maneuvers, the ASE will stabilize the aircraft in any airspeed, roll 
attitude, or heading for which it was trimmed. The equipment will operate throughout 
the aircraft’s altitude and speed range, including hover. In turbulent air, the ASE 
will restore the aircraft to its preset attitude and heading with a minimum overshoot. 
The ASE may be engaged or disengaged at any time during level flight without objec- 
tionable disturbance, and the helicopter may be precisely trimmed while under ASE 
control. 

An ASE system block diagram is shown in figure 2. Heading signals come from the 
cuupass system. ASE airspeed signals are furnished by two airspeed transducers. One 
transducer is set tr low-airspeed range (22 to 122 knots) and the other is set to a 
high-airspeed rang'/ s 2 to 182 knots). Altitude signals come from either the radar 
or barometric altimeter. Attitude information is provided by a vertical gyro in the 
ASE sensor unit, which also controls the copilot's remote attitude Indicator. The 
pilot may, at any time, override the ASE by using the primary flight controls or the 
trim switches. 

A collective pitch- to-lateral-cyc lie coupler utilizes the lateral-cyclic ASE 
hydraulic servoactuator to provide the proper amount of lateral-cyclic rotor control 
to eliminate the lateral trim change, when collective pitch is changed by the pilot. 
This feature, incorporated into the SH-2F with the Model 101 rotor system, replaces a 
mechanical collective-to-lateral crossfeed used in the earlier SH-2D aircraft. 

Signals from the ASE airspeed and the collective-stick position transducer are fed 
into the lateral-cyclic hydraulic servo. The coupler circuitry produces proportional 
coupling between collective-stick position and lateral-cyclic-control input to the 
rotor. This is further controlled by the airspeed signals to vary smoothly from no 
coupling at speeds below 22 knots to a maximum coupling at a speed of 122 knots and 
above. The coupler continues to operate whether the ASE is engaged or disengaged. 

In addition, a control actuator accelerometer (cyclic bobweight) is located on 
the left side of the ASE control actuator. When the helicopter is flying with the 
hydraulic boost actuator on, the accelerometer senses vertical acceleration and 
introduces a proportional corrective signal to the longitudinal boost actuator. This 
limits the nose-down pitching tendency associated with rapid lowering of the collec- 
tive. The cyclic bobweight is inoperative below 40 knots. 

The ASE operates through limited-authority series hydraulic servos in pitch, 
roll, and yaw, and through a full-authority, limited-rate, parallel hydraulic servo 
in collective. In addition there are limited-rate, full-authority, parallel electro- 
mechanical trim servos in pitch, roll, and yaw. A complete description of the ASE is 
given in reference 2. 


SIMULATOR DESCRIPTION 


Interchangeable Cab Facility 

The simulation facility used for the SH-2F shipboard landing simulation was the 
Interchangeable Cab System (ICAB) . It consists of an interchangeable cab crew sta- 
tion, a fixed-base laboratory area, and the vertical motion simulator (VMS). The ICAB 
consists of a modular cab housing the pilot, Instruments, displays, force-feel control 
system, and a four-window computer-generated-imagery (CGI) visual display. The ICAB 
(fig. 3) is modular so that the simulation can be built up, checked out, and validated 


in the fixed-baae laboratory before being mounted on the VMS for motion experiments. 
The fixed-baae development station (fig. 4), consists, of a work station for the 
engineers and data recorders, and houses electronics for communication with the host 
computers and the ICAB. The fixed-base ICAB conf iguration provides the pilot witn 
all the cues required to fly the simulated aircraft, with the exception of motion and 

sound • 


Once the cab has been checked out in the fixed-base area, about 4 hr are required 
to move it and mount it on the VMS (fig. 5). The cab is then interfaced to the simu- 
lation computers used in the fixed-base area for the motion tests. 

The VMS motion generator consists of a synergistic hydraulic motion system 
mounted on a moving platform with large vertical and lateral motion capabilities 
(fig. 6). Vertical motion is the primary degree of freedom. Lateral-motion cap bi - 
ity is provided by a carriage that is driven across the vertical-drive platform. The 
rotational and longitudinal motion are obtained with the synergistic six-legged 
(hexapod) motion system. 

The current operational VMS motion-generator performance envelope with the ICAB 
is given in table 1. These peak motion-system capabilities are with a payload that 
includes all hardware attached to the synergistic motion system with the weight and 
moments of inertia defined in table 2. The moments of inertia are referenced to the 
center of the top platform on the synergistic system* 

A simplified block diagram showing the computer configuration for the ICAB/VMS/ 
CGI simulator is shown in figure 7. The host computer was a ®? r * es ’ I*?? 

digital computer interfaced through a logic, pulse unit to a PDP 11/55 (a TOP 11/34 is 
used in the Development Station). This computer receives data fi rom the' hos t computer 
and distributes the data to the various remote input/output units (RIOU) which dri e 
the VMS motion system; the ICAB- cockpit, including control loaders; instruments and 
displays; and the data-recording equipment. The four-window visual system equipment 
receives data directly from the Sigma computer, through a digital-to-digital interface 
called a computer input/output unit (CIOU). The direct digital transfer of ata 
between computers helps to minimize time delays in the visual-system scene being p 
sented to the pilot. The actual CGI computations are performed by a Perkin/Elmer 

digital computer. 


Visual System 

The premier feature of the simulator is the four-window CGI visual system. 
Designed for use with the ICAB system to perform basic studies on both helicopter and 
VSTOL aircraft, the system provides the pilots with a wide-angle field-of-view pres- 
entation of the outside world. The CGI visual at Ames was funded by the Navy and is 
a modification of the F-lll system trainer originally procured by the Air Force. To 
make the system compatible with NASA's requirements, the F-lll system was mo e o 
include a (1) fourth visual channel, (2) 1000-line vertically scanned CRT displays o 
reduce horizontal-line stair-stepping, and (3) additional scenes in the data bases. 

Some basic characteristic and capabilities of the CGI visual are 


1. Real-time full-color imagery from a variety of data bases 


2. Day /night takeoff and landing 
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Destroyer and carrier operations 
A . Nap-of-the-Earth flight 
5. Reduced visibility and weather operations 


tho Jah.- C \ y ? C ^ eat ® s the 8cene b y storing coordinates and numbers representing 
The«« l8h Va J u ® s of . * he simulated world. This is referred to as the data base. 
!™ 0 ? r< 8 f et * ieved for any viewing point in this data base and the data used to 
reconstruct the scene as it would be viewed from this point. The scene details are 

beam-splitter^ ‘smooth?^ T i Cathoie tube < CRT > and collimated with a mirror 
co“lnS£y r 3 ) * are “» ed “ that la 


f . 1 . 1 ” a simulation, the visual-system scene represents the outside world and the 

field of view is the pilot’s window to that world. Because certain parts of the out- 

are /“?° rt “ t 5° the accomplishment of the ship-landing task, the shape, 

?I! d S J ze ° f * he field of view < F0V > can greatly influence the way the 
pilot flies the simulated aircraft. 3 


The FOV available to the pilot from the SH-2F is shown in figure 8 on a Hammer 
equal-area projection of a sphere. From this perspective in the right-hand seat, the 
pilot can look out the forward, quartering, and door windows and ou«- the copilot's 
forward wit. .ow. (Pilots often perform the actual shipboard landing with the door 
open.) Superimposed over the available FOV is the arrangement of the four CRTs of the 
CGI visual system. The three upper CRTs cover a lateral FOV from 65° left to 

L ? V n ? 3 r rti ?^ F °Vr om about 8 ° U P to 15 ° down * fourth CRT expands the 

lateral viewing from 43 to 90 laterally and a look-down to 45°. The fourth window 

represents the view the pilot would obtain when looking out his door during a ship 

landing. All plots assume binocular vision with the pilot’s eye at the aircraft 
design eye-point. 


Two data bases were used in the simulation. The first was the so-called F-lll 
data base and the second was a DD-963 data base. The F-lll data base contains land 
area of about 400 square miles containing both geographical and man-made features 
around the area of upstate New York. Most of the evaluation flying, however, was 
done about an airport scene representing Plattsburg AFB in New York, which includes 
landmarks such as a runway, hangars, control tower, water tower, and a VTOL pad. A 

field-of-view montage of the runway scene as viewed from the SH-2F ICAB is shown in 
ri^urs 9t 


The DD-963 data base contains a destroyer under way at sea. Special visual 
effects were included to represent sea state, bow and stern wake, and ship motion. 
Sea-texturing effects, such as whitecaps on waves, and details of the ship, such as 
ff ” “J B * ama l were not present. A field-of-view montage of the destroyer scene 
in the vicinity of the landing pad is shown in figure 10. Both data bases were 
capabie of being presented under four ambient light levels, daylight, dawn, dusk, and 
night, and with variable weather minima conditions. Deck edge, centerline, extended 
centerline dropline, and hovering lights were simulated. 


SH-2F Simulated Cockpit 

The cockpit setup (fig. 11) for the SH-2F simulations provided the pilots with 
the essential controls and instruments needed to fly the aircraft effectively. 
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Instrument scan, control fed , manipulation, and systems functions during normal 
operations were realistic. The instrument panel for the simulator is shown in fig- 
ure 12. The instruments, although not identical to those in the aircraft, were in 
most cases similar in size and location. The major exception was the attitude indi- 
cator; the aircraft has a simple 4-in. instrument and the simulator had a 6-in. 
instrument with flight-director capability and an expanded attitude scale. 

The center console of the simulator (fig. 13) incorporated the engine control 
an anding-g^ar levers. The remaining switches on the console were for control of 
the simulator. The power lever and control switch in the simulator were configured 
to match those of the SH-2F and incorporated the same function and switches in their 
es gn. All of this attention to simulator detail was important to the evaluation 
of the aircraft response and flying qualities. 


SH-2F Control Characteristics and Control Loaders 

®^ mu ^ at ^ on control feel is as important to simulation as it is to flight. 
Aircraft designers have long recognized that control feel is an important part of the 
overall handling qualities built into the aircraft. The SH-2F/ICAB simulator uses an 
e ectro-hydraulic actuation device which provides the pilot a controller foice-feel 
simulation. The system consists of a four-axis set of cockpit controls (cyclic 
stick, pedals, and collective) driven by integral rotary hydraulic actuators, valves, 
transducers, and associated servo-control and function-generating electronics. The 

1 ?? d ! rS * r L 1 " terfaCed t0 the central digital computer through an analog computer in 
which the SH-2F control characteristics are programmed, 

A tabular summary of the SH-2F control characteristics is given in table 3 where 
the total travel, the breakout force, the force gradient, and the maximum deflection 
force are given for each control. Note that for the SH-2F, the force gradient on the 
haa two levels * For example the longitudinal cyclic has a high gradient 
° f * 17 lo/in* for deflections up to 0.25 in. and a lower gradient of 1.60 lb/in. for 
deflections from 0.25 in. to 7.0 in. The lateral axis is similar. The control char- 
-^tics listed are for cyclic pedals trimmed at their center of travel. The 
SH-2F trim system employs trim motors which reposition the ends of the feel system 
spring struts. Consequently, the neutral (zero-force) position and force gradients 
around neutral are not modified by trim position. Average trim rates are 0.75 in. /sec 

* ° ,7 4 S*^ eC (lateral) » and °- 5 in. /sec (pedals). The collective in 
the SH-2F has a variable friction adjustment. 

In addition to the longitudinal static-force characteristic, the SH-2F longitudi- 
nal cyclic-force changes with load factor. Negative load factor produces a force 
^ hat vT™ 3 t0 move t * le cyclic stick aft and vice versa. The steady-state gain is 
7.3 lb/g. The load-factor component is created by hydraulic forces in the bobweight 
servo and is additive with the static stick force. 


MATHEMATICAL MODELS 


SH-2F Mathematical Model 

A detailed discussion of the SF-2F mathematical model is beyond the scope of this 
paper. The model contains a complete nonlinear representation of the SH-2F helicop- 
ter, including all the aerodynamic characteristics of the main rotor, tail rotor, and 
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fuselage through a range of angles of attack and sideslip of ±180°. Also included are 
representations of the primary flight controls, actuators, automatic stabilization 
equipment, and the effects of winds and turbulence on the dynamics of the airframe. 

The SH-2F mathematical model was developed by R. L. Nave (User's Manual for 
SH-2F Helicopter Mathematical Model. Naval Air Development Center, report in prepar- 
ation) from data originally supplied by the Naval Training Equipment Center for the 
SH-2F Weapons System Training Simulator (ref. 4). The central element of the model is 
the main rotor-blade flap-feather equations which were based on a Bet of partial 
derivative algebraic equations developed by McIntyre (ref. 5). Analysis by Nave has 
indicated that these equations are very sensitive to the assumed aerodynamic proper- 
ties of the blade, which makes their predictive capability suspect. The mathematical 
model incorporated into the simulation correcto this deficiency. 

One of the major problems in developing the SH-2F mathematical model was the lack 
of flight-test data on flap and feathering angles as a function of control inputs. 
Since blade pitch is determined by complex aerodynamic forces arising from servo-flap 
deflection, and not simple swashplate angle, the rotor model was not straightforward. 
Lack of good flap and feather data resulted in a situation in which rotor-model 
Improvements had to be made based on second— order (fuselage) response measurements. 
Additional flight tests are required to obtain the rotor-system data. 

The flight-control-position equations define the rotor-head control displacements 
as a function of the appropriate cockpit flight-control displacements. The equations 
are defined for the cockpit flight-control displacements expressed in terms of normal- 
ized percentage of the full— control travel displacements for (1) the collective stick, 
(2) the lateral cyclic stick, (3) the longitudinal cyclic stick, and (4) the yaw 
pedals. Additional equations are included to define the servo-flap deflection angles. 
The deflections are defined for the control axis as the steady and harmonic cyclic 
azimuth coefficients. The total flap deflection results from the simulation of the 
cockpit displacements and the appropriate ASE actuator displacements. The mechanical 
linkage of the control rods and the rotation of those linkages producing a mechanical 
feedback from the blade flapping and pitching are included. 

These equations define the servo— flap deflection which is the unique control 
scheme of the Kaman servo— flap controlled rotor. It is the aerodynamic reaction of 
the servo-flap that produces the blade-feathering and flapping-control angles and 
provides the full rotor— head control. Predominantly, it is the aerodynamic pitching 
moment of the servo— flap that causes the main— rotor blades to deflect torsionally. 

The main-rotor simulation mathematical model defines the forces and moments 
resulting from the aerodynamic characteristics of the rotating rotor. The major 
parameters are those of rotor thrust, which maintains flight, and the power required 
to rotate the rotor system. The main-rotor thrust is defined according to the stan- 
dard helicopter-performance-determination equations based on the assumption of the 
linear lift-curve slope. This assumption permits use of an analytic closed-form 
expression to define the radial and azimuthal integration of the incremental blade- 
element forces without requiring real-time integration; the latter was not practical 
at the high frequencies required for piloted simulation. 

Mean induced-inflow velocity is defined according to momentum theory considera- 
tions. Blade airfoil characteristics are deduced from tabulations of lift and 
profile-drag coefficients data as functions of angle of attack. Utilization of mean 
lift coefficients removes the requirement to define specific blade-station angle of 
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Automatic Stabilization Equipment 

ro ii ™t h + a A iC fun /t i0 ™ of the ASE are to maintain the helicopter at any airspeed 
hill f 11 !? 6 ’ Snd headinE selected by the pilot and to do so aromatically These 

alt itude-hold^nd^round-speed^hold^ere^ot ^included. a< ^^^ t ^° na ^ f ™ * 

on elect r onlc C schemotic 8 disgrsm9* t of a tha , ASE? I ' lan< * 8ai " 8 ’ ““ “' ode - lo8lc actions based 

Tvoieat^nf 6 the f E pitch channel en 8 a « ed in its basic airspeed-hold mode 

u q l Tu® n raanufactured &t th e time, the ASE uses 400-Hz carrier signals 
f serief b «^v TheS6 Sre comblned through a resistor summing bus to gSerate 

line« variIbl e C d?T? ‘ J h ? procedure for calculating gains consisted of finding the 
linear variable differential transformer (LVDT) position output in volts ms at full 

tent' de i le f tiona and testing this to the known authority™ equiia- 
from 15 f 8tick ‘ W * th this number calculated (volts/inch-stick), the voltage 
from each sensor required to offset the LVDT feedback was computed using simple Jet- 

stick deflection™ Similar 5 elatin8 each 8ensor output to equivalent inches of 
actuator* paths?” ' calculations wera perfomsd to develop gains for the trim 

and till'd reaulti c8 pitching-axi 3 simulation diagram Is shown In figure 15. A track- 

ASE mod?? 6 ? ? Place °J a ” del of the alectromechanical synchroniser to “S? 
pllfy ASE model software. Also, the track-and-hold acted on only alfoeed and 

?????“?? 'a?? 66638 the Syncl J ronlzer ln tl, a actual ASE balances all summing bus^nputs 
angagamant. Fat the usual pracadura of engaging ASE only lS 
flight, both approaches are equivalent. ° o tnimnea 

reflect^w^Iuw d the°Ji^rffr 1 ‘ 8 J 1Ck ^ ? y8te “ ° f th ® pltch ASE was mode led to 

METE ssvs: s 1 ^ 2g- 

slew the airspeed/attitude reference at a fixed rate. The resulting series servJ 
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tri^input^whil^hnl 1 !? tri ® a ‘- t “ ator to follow-up through the autotrlm path. For 
a higher rite and th ? R -{ S C orce » t ^ ie airapeed/attitude reference la changed at 
direct ^ath m reBp ° nda throu « h both th " a ^otrim path and a 

cvclic h h e oh n :iT:i a r elera . tlHn path t0 the trlm actuator was an attempt to model the 
of thl J b rJf h J by cau8lnR the load factor to change the zero-force (trim) position 

flight The Lin^K} 0 Create a Btlck force durln « ^neuveHng 

confidence!** time-conatnnt AZTAU were not established with high 

Mim . Th * rol! ;«xl» block diagram (fig. 16) was developed using the same technalues 
employed in pitch. Once again, a simple track-and-hold war substituted for " syn- 

' tual as, E. Series servo conunands were a sum of ASE and lateral 
yclic system outputs. The lateral trim system in both the aircraft and th« ASE 
mode is straightforward, with no autotrlm feature. al >*raft and the ASE 

lovl/Jn r‘ aXi8 A b J° Ck di ® 8ran> 18 8hovm in figure 17. There is considerable mode- 
logic in the yaw ASE, particularly with respect to trim-actuator control and everv 

determine^if differeitial° *5*1^** logic* IresJabliJherto^ 

11 f ^ heading-hold to^rop^just^v^resting^hei^feet^on^the 1 ^ 0 ** 8 

abrupr y aw n ASE e inJuti a fo r id a T^/ 6 ^ 1 f ° rCe ^ required * As a consequence, small 
Drupt yaw ASE inputs could and did occur in turns initiated through lateral stick 

ff“5 “•^■*‘*1 P^ w» applied. Thee effects were reduced ^ en acceJteMe 

level by modeling the heading synchroniser rather than using a track-and-hoid and 

by using ramped switches (ramp from gain - 0 to gain - 1? ln"he y“ ASE modSf 

The yaw ASE coordinated-turn feature, which requires the pilot to oress a switch 

«--ansient C 3 "tv! inc ?- uded in the model and did not suffer the above-mentioned 

ansient problems. The calculated stick force and acceleration gains for this mnrio 

trim r fS e f i° W ’ h ° w * ver ‘ The yaw-trim system was modeled to include the yaw auto- 

t ck lnp«s * wih’X'S: SWltch a (o ” collective-atick grip), and coI“c“«- 
cick rate inputs. With the ASE engaged, yaw trim was provided as follows: 

n-a.ii" .if' 6 " th ? f ote ° f turn WM l ess iban 7° /sec and the pilot's feet were off the 
Traft'1 £ h Vr- trl V“ Uc b functioned as a heading adjust switch to change the air- 
craft s heading at the rate of 4Vsec as long as Che witch was depressed 

th. r ° te ° f tUr " ”“ S lesa ehan 7 °/aec and a control force was applied to 

«s inoperative. ^° rCe ““ a “ t0 " aticaU V trimmed out. In this caee the yaw-trim switch 

3. When the rate of turn was greater than 7° /sec or when the coordinated-turn 
button was depressed, the yaw-trim switch provided motorized pedal trim. 

With ASE disengaged but with the lateral coupler on, yaw trim was omvlded «« 
follows. When the rate of turn was lees than 7"/.ec and a'con ro" force was aSpUed 
to the pedals, the force was automatically trimmed out. In this case the vawtrl! 
was inoperative. In all other cases the yaw switch provided motorized pedal trim! 
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Simulated Landing Environment 


A Spruance class destroyer (DD-963) model was used in the simulation. The ship- 
motion model consisted of representing the ship motion by a sum of sinusoids in each 
of the six degrees of freedom (roll, pitch, yaw, surge, sway, and heave) at the ship's 
can er ot gravity. Long-created fleati were aaaumed with the mean wind parallel to 
rect on o propagation. Representative ship aotionH were obtained using the method 
ou Ined by Brown and Coma rat La (ref. 6). In general, the method generates ship- 
motion time-histories from a power spectra by decomposing the spectra into a series of 
iscrete sinusoids, with each component sinusoid weighted by the power In the fro- 
quency mx\ it repreaenta. Selection of th« number of alnunoida la a trade-ul f 
between accuracy and computational time, l'ortenbaugh (ref. 7) compared a 6-component 
and a 32-component ship-motion approximation and showed that the 6-component approxi- 
mation resulted in less thou a 5% error in most eases for rms position, rates, and 
accelerations in each degree of freedom. It was concluded that the six-component 
approximation will give an excellent representation of ship motions for studies that 
involve relatively short time exposure to the ship environment. Studies directed 
toward the flying-qualities and flight-control aspects of launch and recovery on 
small ships would fall into this category. Other types of studies, such as ahip- 
motion forecasting and landing-gear load studies, would require further analysis of 
the comprehensive ship-motion program. 

The model used for ship alrwake turbulence was also similar to that defined by 
ortenbaugh (ref. 7). This model was developed from data obtained from a 1/50 scale- 
mo el test- of an FF-1052-class destroyer by Boeing-Vertol (ref. 8). The FF-1052 data 
were used to approximate the DD-963 by using Strouha 1-number scaling techniques. 
Full-scale turbulence-mapping of the DD-963 has nut been performed to validate either 
the wind-tunnel data or the Strouhal-scaling assumptions. 

The airwake model generated both mean and random linear velocity components of 
the three-dimensional flow-field aft of the ship as a function of aircraft position 
and wind-over-the-deck (WOD) magnitude and direction. The rotational components were 
not included. The airwake velocity components were then applied to the helicopter's 
center of gravity in the standard way. The effect of airwake velocity gradients 
acting on the rotor were not included in the model. This would require a higher-order 
or lade-element type of model which is more complex than the quasi-steady-state model 


Outside the airwake, a standard Dryden turbulence model was used (ref. 9). Shap- 
ing functions were used to provide a smooth transition to the airwake model. 


SIMULATOR VALIDATION 


The value of a flight-research simulator is its ability to duplicate actual air- 
borne performances so as to affect the design of the aircraft or prepare the pilot for 
the actual aircraft experience. Thus, the fidelity requirements for validating a 
simulator are a combination of how well the simulator duplicates the aircraft and the 
ability of the simulator to allow performance ot the desired task. Sinacori (ref 103 
defines fidelity in two ways: engineering fidelity, meaning the physical closeness to 

the real world, and perceptual fidelity , meaning the pilots perceived closeness to the 
real world. Good engineering fidelity is measured by the degree to which the simu- 
lator is observed to reproduce its real-life-counterpart aircraft as measured by a 
nonphysiological instrument system. This includes, for example, the mathematical 
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model, the visual system, the motion system, and the sound system. Good perceptual 
fidelity is the degree to which a well-trained and motivated pilot perceives the 
simulator to reproducr its real-life-counterpart aircraft in flight and in the 
operational-task situation. 

Inherent uncertainties exist in theoretical mathematical modeling, wind-tunnel 
measurements, and flight-test Instrumentation. Also, simulator-system limitations 
exist in terms of computer size and speed, visual-scene presentation, and motion-drive 
logic and response. Thus, compromises are required which reduce the engineering 
fidelity. When such conflicts arise between engineering and perceptual fidelity, the 
emphasis has to be on the perceptual (ref. 11). The engineering and perceptual 
fidelity with which the ICAB system simulates an SH-2F helicopter in the ship-landing 
environment is discussed in the following sections. 


Engineering Fidelity 

Sh-2F Mathematical Model .- The mathematical model was validated by comparing its 
characteristics with those of actual SH-2F flight-test results as given in refer- 
ence 12. The simulated test conditions were adjusted to match the corresponding air- 
craft flight-test conditions. These included the flight airspeed, gross weight, 
center-of-gravity location, and atmospheric conditions. The procedure allowed a 
direct comparison of the ICAB simulation and the SH-2F helicopter flight-test results. 

Trimmed flight comparison. Trimmed forward-flight conditions were compared with 
the flight-test data across the entire flight regime from an airspeed of 40 to 
120 knots. Data for the engine torque, pitch attitude, and the four control positions 
are shown versus airspeed in figure 18 for both the simulator and the aircraft. All 
of the simulated trim conditions were obtained by assuming the helicopter to be in 
trimmed or equilibrium flight at the sideslip angle shown in figure 19. 

The comparison indicates a good agreement for the pitch axes in terms of pitch 
attitude and longitudinal cyclic-control position. For the vertical and lateral axes, 
the simulator requires less engine torque than the flight-test aircraft. This results 
in a decrease in the collective-control position and less right-pedal position across 
the airspeed range. However, the curves do have the same shape. Additionally, the 
simulator lateral-stick deflection indicates a slow migration from more right-lateral 
stick to more left-lateral stick across the airspeed range. 

Low-speed trimmed conditions compared with the flight-test data between forward 
and rearward ground speeds of ±40 knots are shown in figure 20; lateral trimmed flight 
conditions compared with flight-test data between a lateral ground speed of ±30 knots 
are shown in figure 21. The flight-test data were taken with the aircraft in ground- 
effect. No ground-effect model was implemented in the simulation. The comparison 
indicates a good agreement of all the parameters except engine torque and directional- 
control position. The latter discrepancy is attributed to ground effect where more 
power and a concomitant amount of directional-control deflection were required. 

The individual effect of power on the trimmed control positions is presented in 
figure 22. Below 30% of torque, minor differences are evident. Above 30%, the simu- 
lator's pedal position indicates a strong and increasing requirement for left pedal 
with power. This difference in increased pedal input at high power settings between 
flight and simulator results may lead to a different piloting technique for the 
simulator. 
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Hover testa for out-of-the-wind conditions where the aircraft is required to 
establish hover trim conditions with respect to a relative wind at various azimuthal 
angles to the aircraft centerline are called critical azimuth tests. The signifi- 
cance of these tests is illustrated in the Interrelation and phasing of the controls 
with changes in the relative wind direction. The comparison of the simulation and 
flight-test results Is shown in figure 23# The results need to be considered con- 
currently with the previously discussed ln-ground-effect control-position data. 
Fidelity in this area is necessary to simulate high-workload tasks such as the hover 
and landing. The results are satisfactory and indicate a reasonable fidelity with 
the aircraft performance. 

Static longitudinal stability characteristics for both a 70-knot and a 110-knot 
airspeed trim point were compared, and the data are presented in figure 24. These 
data, particularly the force gradient, affect the pilots ability to fly a selected 
airspeed without retrimming. Around the 110-knot trim, the force position and pitch 
a ^^ U£ ^ e data compared well. Around the 70-knot trim point, a steeper force gradient 
was required for the same change in pitch attitude. 

As a measure of static lateral-directional stability, steady-heading sideslips 
were evaluated. A comparison of the results is presented in figure 25. The flight- 
test procedure used to collect the data was to fix the collective at the required 
trim condition before entry into the maneuver, and then to establish the required 
bank angle and control positions for various sideslip angles. The primary flight 
instrument was the turn rate and inclinometer Indicator. The simulator procedure was 
to trim the aircraft at the desired sideslip angle. The unique control positions 
associated with a specific steady-heading sideslip verified the lateral-directional 
stability characteristics of the simulator. 

Dynamic response comparison. The response of the simulator to step inputs in the 
controls was determined and compared with flight-test d?ta. Steps in the four con- 
trols (longitudinal and lateral cyclic, pedal, and collective) at airspeeds of 10 and 
70 knots with the ASE on and off were performed. Control inputs of approximately 
0.5 in. were accomplished. 

■^ e flight-test data (ref. 12) were obtained by using the standard flight-test 
technique of maneuvering the aircraft to the desired flight condition, manually 
applying the desired step input, and recording the resulting vehicle response param- 
eters with a data-acquisition system. On the other hand, the simulator data were 
obtained by using a software program that trims the aircraft at the desired condition 
and automatically applies a step input into the desired control while holding the 
others constant. Care was taken in the simulation to produce the data at the same 
environmental and vehicle condition as the flight-test data. A summary of the dynamic 
response tests is given in table 4 and a comparison of the time-histories in the same 
format is given in figures 26 through 49. 

The dynamic response tests at 10 knots with the ASE off for the pitch, roll, and 
yaw axes are given in figures 26, 30, and 34, respectively. The responses generally 
indicate that when compared with the flight-test data, the model is less responsive in 
pitch, a reasonable matcli in roll, and more responsive in yaw. For the tests at 
70 knots with the ASE off, the data for the pitch, roll, and yaw axes are given in 
figures 27, 31, and 35, respectively. The 70-knot responses indicate that the model 
produces similar responses to the flight-test data in the pitch and roll axes. In 
the yaw axis there is a similar peak yaw rate, but a quicker return to zero rate than 
the flight-test data. 
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The dynamic response tests at 10 knots with the ASE on for the pitch, roll, and 
ya*; axes are given in figures 28, 32, and 36, respectively. The responses generally 
indicate that the model is similar in response, but more stable in pitch and reason- 
able match in roll and yaw. For the tests at 70 knots with the ASE on, the data for 
the pitch, roll, and yaw axes data are given in figures 29, 33, and 37, respectively. 
The 70— knot responses indicate that the model produces a reasonable match in pitch 
and a similar initial response, but is less damped in roll and has a higher peak rate 
with a quicker return to zero rate in yaw. 

Aerodynamic coupling was concurrently evaluated with the control response by 
analyzing data from additional axes. Coupling data from pitch and roll axes inputs 
at 10 knots and 70 knots with the ASE on and with it off are determined. Pitch due to 

input 8 are given in figures 42 through 45 and roll due to pitch inputs in fig- 
ures 46 through 49. Pedal-induced coupling inputs were insignificant in both the 
simulator and the aircraft. 

For the ASE off, pitch due to roll input coupling (figs. 42 and 43), the model 
results show a good agreement with the flight-test data at both hover and at 70 knots, 
where a right longitudinal step input resulted in a down-pitch attitude. For the ASE 
on (figs. 44 and 45), the iritial response is correct; however, the model response 
continues to pitch down while the aircraft response returns to the original trim 
value . 

For the roll due to pitch input coupling, the pitch-rate data from the flight- 
test instrumentation was unavailable. However, for both ASE on and off at 10 and 
70 knots, the model shows good agreement with the flight-test data. A longitudinal 
forward step produces a left-roll attitude change with ASE off and a very slight left- 
roll change with the ASE on. 

No flight-test data were available for the aircraft in the vertical axes 
(Figs. 38-41) which made a check in these axes difficult. As a substitute, aircraft 
stability derivatives were computed from the nonlinear mathematical model at hover 
and at 70 knots; they are shown in table 5. Using data published by Heffley et al. 
(ref. 13), the SH-2F model was compared with other helicopters of similar size at 
hover and at 70 knots. These comparisons are shown in table 6. Comparing the sensi- 
tivity Z 6c and damping at hover, the SH-2F model appears fairly consistent with 

similar-sized aircraft, although the sensitivity appears a bit low. The SH-2F model, 
when compared with the same aircraft at 70 knots, indicates that for the model, both 
the sensitivity and the damping are low compared with other helicopters of about the 
same size. 

CGI Visual System .- The inherent serial architecture of digital simulations leads 
to the propagation of delays. In particular, the delay between a pilot input, such as 
stick movement, and the perceived response as a visual scene can have a serious effect 
on the ability of the pilot to accomplish a task. Gum and Albery (ref. 14) among 
others have reported simulation problems traced to time delays in visual-system cue- 
ing. The use of a CGI system tends to aggravate this problem, for an additional delay 
is added by the computer generating the visual scene. 

To determine this delay for the ICAB system, a simple experiment was devised to 
measure the total delay from the pilot input to visual-scene response. In the experi- 
ment, shown schematically in figure 50, a switch and an oscilloscope were used. The 
switch fulfills a dual function of providing a step input in stick position by the 
pilot and triggering the sweep of the oscilloscope. 
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cockDlir TnS C « Pe Waa U8 ^f t0 , mo " ltor the to the CGI visual monitor in the 

A^v ch«n Pe / Jh? ® Wa ® f^ 8pla y ed that resulted in a known waveform on the scope. 
G^tHhi« 8 f "u h v 8cene would result in a new waveform on. the scope which was dis- 
«n ? tl J? ° baarver - The step signal was fed into the computer system through 

. °® °~ 9 *-al converter (ADC). The Sigma 7 computer was programmed to scale 

this signal and send it to the CGI system as a step in pitch of the visual scene. 

This resulted in a new waveform on the oscilloscope. At the same time the oscillo- 
scope was triggered by the step signal. The time taken from the step until the wave- 

ceivedvisual C chang C ° n8idered to re P resent th e delay between pilot input and per- 

The feedback signal measured was the green input drive to the CRT. The CRT was 
operating at a 60-Hz field rate which implies that an additional 17 msec can elapse 

d f awi r 8 of the first line ° f the field a n d the last line of the field. 

In addition, it should be noted that no aircraft dynamics were included in the Sigma 

computer computations. A Polaroid camera was used to record the results of the 
experiment . 

For the experiment, the Sigma was run at different cycle times DT and the time- 
delay between the pilot input and the first perceivable visual change AT was mea- 
sured. The results shown in figure 51, indicate that a linear relationship exists 
between the visual time-delay and the cycle time according to the relationship 


AT = 1,53 DT + 91.3 msec 

The first term can be interpreted as the 3 DT/2 delay associated with the 
analog-to-digital converters and the Sigma computers. The second term can be inter- 

and draw S the e picture eqUired ^ CGI COmputer hardware to Perform its calculations 

Far ^ he SH- ^ F ICAB simulation, the host Sigma computer was running at a cycle 
me of 62 msec. Thus, the time delay between the pilot input and the first perceiv- 
able visual change was about 186 msec. The effect of the delay will be discussed 
later in the Perceptual Fidelity section. 

VM|_ Motion System.- Because the ICAB has significantly different mass properties 
and motion system servo requirements than the original cab on the VMS, performance 
tests were conducted on the VMS motion system. The purpose of the tests was to mea- 
sure and document the performance and frequency-response characteristics of the 
motion system in its nev configuration. 

The measured performance limits in terms of excursion, velocity, and acceleration 
are listed in table 1. The listed limits are considered maxima and represent the 
maximum operational capability of the motion generator. The limits apply only to the 
otion-system hardware and do not include the effects of software limits in the motion 
drive logic. The rotational limits are for single-degree-of-freedom motions. The 

m jj j° 3 coup * ed an 8ular motions are complex, nonlinear functions because they are 
provided by the synergistic motion generator. 7 

The source of the performance limits result from different mechanisms. The 
translational excursions and velocities are command-limited in the servo-electronics 
the rotational excursion limits result from end-of-travel limit switches on the 
exapod actuators, and the remaining limits reflect physical limitations of the hard- 
ware such as hydraulic flow, current, or torque limits. The values listed in table 1 
for translational accelerations are for momentary duty. These levels of acceleration 
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ssfs ab r i—. ^ ««*»* „ Pera - 

tranalatlonal accelerations are aboSt ona a “or“^a^ ad ^aSl‘ :0ntl “ UOUS ' dU£y 

using a comerclal P freqaency-respon8e°analvze 1Va Th 8 ^"* ° £ £reedom were “"ducted 
figure 52. In all cJes? accele?aWon 2 ' Iha “** 8etu ' > ls frustrated In 

acceleration feedback, measured bv a r«h !T a* 8 U8 ? d 38 the reference signal, and 
response signal. Therefore cab - mounted accelerometer, was used as the 

dynamics of the motion generator and^'^nL raap ° naes ’“easured represent only the 
puter used to drive the^ystem. Fit,* -3 Jhroufh 57 ® effects ° f the digital com- 
measurements in the form of Bode clots 4 nmi?f°a 8h 57 P respnt the results of the 
quency for the roll, pitch, yaw, lateral and^M “f 10 Snd pha8e angle versus fre- 

data were measured with no ’ lLd Compensation provided \ Ttv . ’ res P ectivel y- These 
with the noise suppression provided in the motion-drive logic and 

Also shown in these figures is an analytLaui°dIte™i 8i H al ^p 0nVerter Card ® b yP assed * 
of reference 15, of digital commitar Zi fl „ * detenn ^ ned effect, based on the results 
data are representative of operational eondiM 8eve J al values of frame time. These 
increase caused by the simulation computer Fi^r^SS 6 ^ lnclude the P ha se-lag 
of the vertical degree of freedom with the inri 8 ^ 58 presents the frequency response 
motion-drive logic Compensation of t Js fo™ " ° °5 aom P ensa ‘ion provided in the 

illustrated in figure 5 ® pensation of tMs form was used in the simulation and is 


Perceptual Fidelity 

characteristics of the simflltor and^o^ssLsbthf 1 abitir rf f ^° Ce / nd handlin8 
approach and landings in the environment of the Sd- 963 destroys? SimUlat ° r to perform 

in a variety of helicopters^tm^no^ , Tbe ! irSt had over 1 » 500 hours 

second pilot had 2,500hou?i o? hiucopter f eXperience - »• 

about 500 landings onto small .I,?!. a ? 1 V }* 000 in the SH_2F » and had made 

FF-1052 classes 8 Most of^he luns ^ °V he DD “ 963 ’ FFG “ l8 aad 

SH-2F were made by the second oilot *f ti; ”8 perceptual fidelity specific to the 

and their comments were integrated into the 

representation of the^ircraft wa^satisfactor ^ 11 ° pi [I i0n was that the simulator 
90 knots with the ASE on. Above 90 knots the^i^li ^ airspeed ran g e fro ® hover to 
and left-lateral stick deflection With the^F* required excessive forward 

the aircraft were satisfactor^ hiweve^ p^cise attitude dampln8 ° f 

appeared to be easier than in the actual Jircwft W± 2 fc thTlll maneuverin g 
Sffsctivs^s. of lateral snd directional sttltudelcon^ol 1 “^" ^ 2 ^ 

vertical ^“r^He^Se Sl 2 5 ?' ~ 

anL 2 h%h^i 2 t d of a 2 «lca“-Mte C °iS 1 22 on raap ° nSe ‘* e ” 8d overir sensUlv! aid^ 
sentative, height damping seemed low This collec J* ive in P ut appeared repre- 

the stability-derivative data presented earlierwher^thr^l 1 ° m ^ opposltlon to 

compared with that of other helicopters an««L? , h ! c ° llactive sensitivity, when 
The problem may be related to the question^ „heth” “e 
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Sef? 1 T6)? ti0n Can Pre8ent the P r °P er dynamic perceptual characteristics to the pilot 

Tralner C (WST?*eurrenM P *k°* Wh ° b ° th the ICAB and the SH-2F Weapons System 

simulator^was ly belng used by fleet P llots in Norfolk and San Diego, the ICAB 

in spite of the fidelity of the collective control axes, much easier to 

San G mei an ‘5*,?? C ;| rrently ^ing used by the fleet pilot in Norfolk and 
"f S’ Unlike the WST, the SH-2F ICAB could successfully perform a 
_lpboard landing from a stabilized hover over the deck. The SH-2F ICAB 

charaSerLtics! atl8faCt0ry 6XCept ^ the collective response 

Improvements in the model are required following Navy flight testing. 

E nvironment .- The simulator response to free-air turbulence seemed reasonable 

»dn“M t 5'dMfby U the 0 DiSt <: t a ^ di * tUr T Ce ! inducad by tba alr “ ake turbulence ' 

‘’' .f to ba uucesslve (or the wind-over-deck (MOD) condition, 
simuxacea. with WOD velocities in excess of 25 knots along a 30° radial from 

ie^e C nf dis J; u,:bance8 while hovering over the landing circle and below the hangar roof 
such a magnitude that hover positioning became very difficult with the ASE 
control system. It appeared that both the standard deviation and frequencycontent of 
al ™ a ^ e was excessive; however, when hovering over the aft portion of the ship 

was*" reasonable" th f, landing pad> the re8p ° nse ° f the aircraft to thence 

^ u !u abl Additionally, two characteristic far-field air disturbances e«ner- 

starboa atack f of the 1)0-963 and normally encountered during a 30° to port or 
starboard approach were absent. Verification and modification to the airwake turbu- 
lence model in magnitude, bandwidth, and special location needs to be pe^orLd 

. CGI Visual System .- Pilot ratings of vehicle dynamics and control /display con- 

Often thf 8 sfm e i 8 ff° n8l ?i inf , 1UenCed by the available out-the-window visual-cue levels. 
Often the simulation pilot is unaware that the source of a control problem is in the 

sual-scene content or scene processing of the display. With this in mind five 

evaluation test pilots, four of whom had ship-landing experience, were asked to com- 

naire Sb ° Ut the CGI visual s y stem * The major topics on the question- 

naire were general comments, visual-cueing comparison with other visual systems 

time^ft^b charactarl8t ^ C8 ‘ and dynamic characteristics. The visual scene or real- 
ty p.,,, daffl\ eVa ff ted we ^ e tbe 00-963 destroyer and the runway /airport scene in 
the F 111 data base discussed in the Visual System section. 

. . 1116 sbip T and ing-approach procedures used called for acquisition of landing 
guidance signals at or beyond 2 miles from the ship at an altitude of 450 ft. The 

at rjndicl^r^f 7 Wa H 8 V?rf ant - bearing approach from the aft starboard qua^r 
t an indicated airspeed of 70 knots. Following intercept of the 3° glide slope the 

pilot performed a decelerating approach to a station-keeping point aft of the touch- 
down point. From there a hover and vertical descent to IteMct Jere acco^lisheS 

In general, the overall ratings of the CGI were very good. Most of the oositive 
comments had to do with the use of color, the wide-angle field of view, and the 
inclusion of the ship scene with ship-motion dynamics. The major negative comments 

e t0 a ° tha ° f the Pil ° t8 t0 determine their closurf Ate aZSe 

d P h .° f field ! As a 8 enera l comment, one pilot responded that "the simu- 
lation is a good responsive system with which I could actually perform a visual hover 
around the ship without reference to cockpit gages." All of the pilots felt that in 

frTrb’ He P ° 8ition and attit « d e cues obtained from the visual svstem were good and 
that the range-rate and altitude cues were fair. Specifically, during the approach. 
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cues to determine range and range-rate were lacking* because of the lack of depth of 
field of the scene During hover runs over the runway, the pilots had difficulty 
estimating altitude and the size of objects in the field of view. This was also true 
for hover runs over the destroyer flight deck where it was difficult to estimate the 
altitude above the deck. The addition of texturing to the scene, including white 
caps and waves to the ocean and more detailing to the hangar face, may improve the 
lack of depth of field of the scene. 

Limited visibility conditions (e.g., fog and ceiling) were simulated in which the 
pilot flew a decelerating, constant glide slope approach, breaking out visually at or 
before 700 ft of range prior to the ship-landing. The pilots found the CGI visual 
mechanization to be realistic, in terms of the breakout and the occulting of the hori- 
zon after the ship is visible. This realism is not present with model-terrain boards. 

Most of the pilots had experience with either the SH-2F Weapons System Trainer 
(WST) (ref. 12), which has a CGI visual, or with other simulators, in which model- 
terrain boards are used. According to the pilots who had flown both the SH-2F ICAB 
and the WST, "The CGI /ICAB wa3 superior to the WST because of FOV layout, day color 
Instead of night/dusk presentation, better definition of the DD-963 destroyer with 
ship motion and no apparent time delays." One pilot commented that he preferred the 
model-terrain board because of the texture and resulting depth of field cues. 

The geometrical characteristics of the CGI /ICAB provided a wide-angle field of 
view which was a definite asset in hovering. The two forward windows provided such a 
large FOV that the side windows tended to be left out of the pilot's scan pattern. 

Also contributing to this scan situation was the large angular viewing discontinuity 
between the front window and the upper and lower right window. Because extra effort 
was required to use the side windows, they were used less in tl>e simulator than in 
the actual aircraft. 

The other geometrical characteristic deserving pilot comment was related to the 
pilots seat position. The SH-2/ICAB simulator was designed such that the pilot would 
be seated at the aircraft design eye-point. For ship-landing operations, however, the 
pilot will raise his seat to the maximum height to maximize his over-the-nose viewing 
angle. Since this was not possible in the simulator because of the ICAB frame and 
glare shield, the pilots were required to fly the simulator from an unfamiliar posi- 
tion with less look-down capability than in the actual aircraft. 

The pilots found the dynamical characteristics of the CGI good, but did have some 
reservations. No time delays between control inputs and the response of the visual 
system were perceived, and no pilot indicated a pilot-induced oscillation during any 
simulation run. Some pilots did, however, comment on the breakup of picture edges 
across the vertical scan line of the 1,000-line CRT. This occurred when using runway 
line markings or when the sides of buildings were used as lateral and azimuthal cues 
during precise tracking tasks; the result was a "fuzzy" picture and loss of visual 
cueing. Finally, several pilots were mildly distracted by the CGI characteristic of 
building the far-field scene in real time. This characteristic should be reduced in 
the CGI software by adjusting the range-sorting algorithm. 


CONCLUSIONS 


The following conclusions derive from the SH-2F helicopter simulation using the 
ICAB simulator system. 
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1. The ICAB/CGI/VMS simulator has been demonstrated to be a useful tool in the 
simulation of helicopter ship-landing problems. 

2. Based on the engineering and perceptual validation tests , the simulator was 
judged to be satisfactory except for the vertical-response characteristics. Overall , 
the simulator accurately represented the helicopter to an airspeed of 90 knots with 
the ASE on and was more stable and more easily maneuvered than the actual aircraft 
with ASE off. With ASE on or off» lateral directional attitude— control was more 
effective than in the actual helicopter. 

3. The field of view attainable with the four-window CGI visual allows valid 
low-speed maneuvering to be simulated. The CGI scene is presented with no perceived 
time delay. 

4. Attitude cueing with the CGI Is good but the range and range-rate cueing Is 
only fair because of a lack of depth-of-field cues. 

5. Additional SH-2F flight-test data are needed to validate the model In the 
vertical axis. 


6. Improvements and validation of the ship airwake turbulence model are 
required. 
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TABLE 1.- VMX MOTION GENERATOR PERFORMANCE LIMITS 


Motion 

Displacement 

Velocity 

Acceleration 

Frequency 
at 30° phase 
lag, Hz 

Lateral 

±17 ft 

±8 ft/sec 

±15 ft/sec 

1.6 

Vertical 

±25 ft 

±16 ft/sec 

±24 ft/sec 

1.1 

Roll 

±19.5° 

±19.5°/sec 

±57 ,3°/sec 

1.2 

Pitch 

+20.0°, -24.5° 

±19. 5 "/see 

±57 .3°/sec 

1.1 

Yaw 

±34.0° 

±19.5°/sec 

±57 .3°/sec 

1.1 


TABLE 2.- ICAB MASS 
PROPERTIES 


Weight - 7,600 lb 

I x ■ 35,000 in.*lb*sec 2 

Iy ■ 61,000 in.»lb*sec 2 

I z ■ 46,000 in.*lb*sec 2 


TABLE 3.- SH-2F LOADER CHARACTERISTICS 


Parameter 

Longitudinal 

Lateral 

Rudder 

Collective 

Travel, in. 

±7.0 

±5.6 

±3.04 

5.75 

Breakout force, lb 

±1.8 

±1.5 

±3.1 


Force gradient (range) , 

4.17 (0 - 0.25) 

4.67 (0 - 0.25) 

±6.13 


lb/in. (in.) 

1.60 (0.25 - 7.0) 

1.66 (0.25 - 5.6) 



Maximum deflection 

±12.7 

±10.4 

21.5 



force, lb 
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TABLE 4.- DYNAMIC RESPONSE TESTS SUMMARY 


Dynamic Initial flight conditions 

Figure step ~ ' ~ — — 

response Airspeed, Weight, c.g.. Altitude, OAT, 

knots n R lb in. m » C 


26 Pitch axis 

27 Pitch axis 

28 Pitch axis 

29 Pitch axis 

30 Roll axis 

31 Roll axis 

32 Roll axis 

33 Roll axis 

34 Yaw axis 

35 Yaw axis 

36 Yaw axis 

37 Yaw axis 

38 Height axis 

39 Height axis 

40 Height axis 

41 Height axis 

42 Pitch/roll coupling 

43 Pitch/roll coupling 

44 Pitch/roll coupling 

45 Pitch/rcll coupling 

46 Roll/pitch coupling 

47 Roll/pitch coupling 

48 Roll/pitch coupling 

49 Roll/pitch coupling 


10 

Off 

10921 

70 

Off 

12120 

10 

On 

11588 

70 

On 

11632 

10 

Off 

10721 

70 

Off 

12012 

10 

On 

11471 

70 

On 

11320 

10 

Off 

10021 

70 

Off 

11852 

10 

On 

10138 

70 

On 

10972 

10 

Off 

12120 

70 

Off 

12120 

10 

On 

12120 

70 

On 

12120 

10 

Off 

10562 

70 

Off 

11932 

10 

On 

10792 

70 

On 

11222 

10 

Off 

10871 

70 

Off 

12032 

10 

On 

11521 

70 

On 

11540 


169.8 

244 

8 

171.0 

610 

16 

170.5 

244 

7 

170.1 

610 

10 

170.1 

244 

8 

170.9 

610 

16 

170.4 

244 

7 

170.2 

610 

10 

167.3 

61 

9 

170.4 

610 

14 

167.0 

61 

9 

170.1 

610 

10 

170.1 

610 

10 

170.1 

610 

10 

170.1 

610 

10 

170.1 

610 

10 

167.3 

305 

19 

170.6 

610 

14 

167.6 

305 

19 

170.1 

610 

10 

169.7 

244 

8 

170.9 

610 

16 

170.4 

244 

7 

170.4 

610 

10 


22 


ORIGINAL PAGE li 
OF POOR QUALITY 


00 


fi 


CJ 

0) 

to 

TJ 

U 


S 5 


U 

(U 

to 

T 3 

2 


CM 

U 

<u 

(0 

^s 

TD 


O 

<U 

CO 


o 

p§ 


hJ ^ 

M 

H «C 

co 00 

Pn ! H 

cm m 

« r -4 

CO 0 ) 

i s) 
^ri 

w 

I 


o 

0) 


CM 

U 

<u 

CO 


CM 

o 

I 

rH 

o 

1 

cm 

O 

1 

§ 

f — 4 

0 

1 

pH 

o 

l— l 

o 

ci 

O 

i — i 

o 

w 

w 

1 

w 

W 

w 

w 

W 

J 

w 

1 

U4 

o 

WO 

o 

o 

WO 

CO 

-n 


oo 

rs 

r — i 

sf 

rs 


MD 

WO 

00 

m 

rs 

St 

rs 

WO 

m 

© 

o 

r-H 


© 

CM 

© 

r^. 

c 1 


o 

-T 

rH 

CM 

• 

O 

wo 

♦ 

-T 

• 

pH 

• 

co 

• 

•H 

• 

I 

<M 

• 

sO 

• 

© 

• 


I 

S ^ O H Q 

o O O o © o 

w w w w w w 

© © H © St 3 

f f ) »o S h 00 h» 

oo o o> m on rs 

^ h on h oo in 

H ^ pH (\J fn (Nj 

• ♦ « I • • 

o i i i 


N H M h o 

O © O o Q © 

W W w w Caj w 

© © so f s oo o> 

\D on o Mr 

•A N '.(J 0 \ <f fT| 

oo o ^ n n in 

— « rs m m <m ^ 


© © o o 
i i i 

w w w w 
4 oo m n 
o m o <f 
on n n o 
h n ^ m 

o> n N ON 


o ^ 

© o 

W W 
st *-h 
CO CN 
to IT) 

so co 

'•© © 


o o 
W 

CM CM 
CO CO 
£ St 
© St 
^ CM 


© 

I 


I I I 


I 


I 


J •-« O «-i © o 
o o © o © o 

W W w w w w 
CM N IS sj IS o 
st co oo © os in 
st © o rs o 
co in in ^ h on 
co cm oo *-m in «— i 


CM ^ 

© o 

w w w w 


CM O 

© o 
I 


vO •— i 
as oo 
Os co 


o © 

rs o 

o 


o 

I 


I I 


I 


CM © H H »— I 

© © O © o O 

W W w W W w 
■<f (N On m O M‘ 
O*hO 00 0 nm- 
O © CN CO 1/0 © 
00 © vC >h O uO 

N H H sf M 
••••*• 
O I I I I 


st © © 
CO <0- CM o 

• • • • 

I I I 


CD pH pH 

© © © © 

w w w w 

© fS O rH 

St © © to 

m h* n in 
CO © CM © 
CM CO St © 


I 


I 


© •— < *-H 
© © © © 

W W w w 

n m -} o 

HO 00 H 

N 5 a\ 

© © CO CN 
CO *4“ © CO 


© 

I 


I 


•— * © 
© © 

w w 

© CO 
CO CO 
CO © 
© ^ 
CO 
• • 
I 


O u u 
O o CJ <U 0) 0) 

0 ) a> oj w cn tn 

CO CO CO **s ^ s, 

*s* "s *s *a xj tj 

» u u « 3 CCJ HJ 

C 4 S 4 -i Uh M M £ 

^ Ph O* « 


•H i-H pH O 

o o o o 
w w w w 

^ NO CM o 

*H fs* i-H © 
© vO UO © 
sd* © <t O 

tn m m o 
• • • • 
I 


** 6 M» 

p-J 53 H Q 

O O <t S 
U Hi h 4 ^ 


0 

© 

fS 


n r-< rs| o o o 
o o O o o o 
1 1 1 

p l CD CD r — l 

o o o O 

W W W w w w 
*o mi oo in oo h 
oo o 00 co CO so 
I'- in n| o ro fs 
wo © -t © rs h* 

O') in fs t-’f pH fv, 

•'•III 

O 1 II 

. 1005 IE 
. 281 1 IE 
-. 33740 E 
• 41177 E 

N (N (N H H H 

o © © © o o 

rH pH pH 

o o o o 

w w w W W w 

CO PH rs « 4 ' CO pH 

rs co rs © © 

© 00 CN © fs rs 

oo oo h n o in 

CO *h uo *h <f 00 

U M li) W 
r t r^. n 
co m © st 
U 0 ® CM co 

© © CO PH 
•h CM CO CO 

o i 1 r 

• • • • 

CM rH »— 1 f— < ( — ( O 

o O O O O O 

O O rH I-H 

o © © © 

W W W W W W 
oooonNio 
st oo o h in n 

CM O 00 uo * 4 - uo 
f' s > © © © © rs 

rs co h co sf cm 

W W W Cfc, 
•“* © Oi oo 
rH in CM CO 
H Nfi CM nO 

rs cm rH co 

SO CM st CM 

© 111 * 1 * 

• • • • 
1 1 

PH *H © fH O 

o o © o © © 

tN h o o 

© o o © 

W W M W W W 
rs so in co sr rs 
O m so © © vo 

CM St fs* CM CM 
O NO fs H ^ (SJ 
CM st uO © sO st 
♦ ••••» 
0*11 1 

w w w w 
rs uo © © 
o °o rs o 
© © CO O 
rs © © © 
CO © CM © 
• • • • 
t 1 

CM O rH CD O 

© © © © © o 

O O H H 

© © © o 

w w w pa w w 
co st m m h ph 
st rs CM rH rs uo 
•H 00 so rs o o 
fs* CM © C 0 fs. st 

© rH <j* <J. UO 00 
•••••* 
O 1 1 I | 

w w w w 

CO © © PH 

fs © pH OS 

WO sf CO CM 
cm rs <t rs 
rs st no 

• • • • 
1 1 1 

fn f-< o <— * o 
o o o o o o 

O H H O 

o © © o 

w W U W W w 

O N H in NO NO 

© CM © cm o rs 

00 © sO 00 **t“ 

a ^ st cm o rs 

co St CM SMO Sf 

•••••• 

o . , 

w w w w 

HOOO 
sQ sO © © 

co m co © 

st CO © O 
© st CO o 
• * * • 
t 1 


a u a 

a a u qj a) a) 

a) ai a) to to yj 

C0 C0 C0 "s* *s *- s 4 

M *S M , 0 ^ ^ 

4 J iJ 4 J (0 Cd (0 

Ms Ms Ms M M ^ 

© > 0 * O’ 


5 "? *5 fr* 6 ^ 

© 53 H fi 

pS^S 

u h 4 © Ph 


TABLE 6 -~ c °MPAHISON of helicopter vertical characteristics 


Parameter 

SH-2F 

0H-6A BO- 105 

AH- 1C 

UH-IH 

CH-53D 

Hovur 

(ft/sec 2 ) /in. 
2 W , 1/aec 

-5.75 

-.32 

-7.34 -9.68 

-.34 -.33 

-12.76 

-.37 

-9.77 

-.39 

-6.38 

-.30 

70 knots 

Z 6 C » (it / hoc 2 ) /in. 

Z w . 1/860 

*6.6 

-.57 

-8.62 -12.07 
-.74 -.83 

-15.07 

-.88 

-12.0 

-.91 

-8. 10 
-.70 


OkiGiWAl ft 

OF POOR QUALITY 
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44' diam 


DIMENSIONS ARE AT NORMAL STATIC 
CONDITION AND 12,800 lb, EXCEPT AS 
NOTED 


Figure 1.- Kaman SH-2F helicopter. 
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OKiC*K;.;~ 

OF POOR QUfU.Hi i 


1 ICAB SIMULATOR FIELD OF VIEW 
SMI SH-2F OBSTRUCTIONS TO VISIBILITY 



Figure 8.- Comparison of SH-2F helicopter and ICAB field-of-view. 





ELEVATION, deg 


ORKiiNAJ. I-VV..L’ W 

OF POOR QUALITY 


301- 


DESTROYER CGI DATA BASE 

VIEWED FROM SH-2F ICAB 




Figure 10.- SH-2F cockpit field 


of view with four-window CGI 
superimposed. 


scene of destroyer 
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'.ya/JhL r,-'A: (3 

OF POOH QUALITY 




ORlCHKAu r, . . - 

OF POOR QUALITY 



Figure 12.- SH-2F simulator instrument panel. 



ORIGil. V. rv/.,u I4 

OF POOR QUALITY 



Figure 13.- SH-2F simulator center console. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

ASE: ON LOADING: 2 AUX. TANKS; MAD 

OAT : -3°C GROSS WEIGHT: 1 1,2B0 lb (6.103 kg) 

ALTITUDE: 2,000 ft, H p (610 m) CG: STATION 170.1 
SPD. REF.: PITOT STATIC SYSTEM CONFIGURATION: GEAR UP 


A SIMULATOR 

O SH-2F, BUNO 149750-FLIGHT 



NU 10 

PITCH ATTITUDE, 

deg 0 


ND -10 



DIRECTIONAL 
CONTROL POSITION. 
% FROM FULL LEFT 


80 

70 

60 



^<0 

i & t 


— 





G 


LATERAL 

CONTROL POSITION, 
% FROM FULL LEFT 




4 
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4 , 



original rr r . r 

OF POOR QUALITY 


ASE: ON 
OAT: -3°C 

ALTITUDE: 2000 ft, HP (610 m) 


LOADING: 2 AUX. TANKS, MAD 
GROSS WEIGHT: 11,251 lb (5103 kg) 
CG: STATION 170,1 
CONFIGURATION: GEAR UP 



Figure 19.- Inherent sideslip charrcteristics. 



ORIGINAL PAGE SS 
OF POOR QUALITY 


LOADING: 2 AUX. TANKS, MAD 
GROSS WEIGHT: 10,970 lb (4,976 kg) 
CG: STATION 170.4 
CONFIGURATION: GEAR DOWN 

A SIMULATOR 

O SH-2F BUNO 149750-FLIGHT 


50 

ENGINE TORQUE, 40 
% 30 

20 

COLLECTIVE 60 
CONTROL POSITION, 40 
% FROM FULL DWN _ 



ASE: ON 
OAT: 2°C 

ALTITUDE: 15 ft, AGL (5 m) 
SPD. REF.: APN-182 DOPPLER 


PITCH ATTITUDE, 
deg 


20 

10 




1 


LONGITUDINAL 80 
CONTROL POSITION, 6Q 
% FROM FULL FWD 

40 



LATERAL 70 
CONTROL POSITION, 50 
% FROM FULL LEFT 

30 



DIRECTIONAL 
CONTROL POSITION, 
% FROM FULL LEFT 



Figure 20.- Low speed trimmed control position comparison 




ASE: ON 
OAT: 3°C 

ALTITUDE: IB ft, AGL (5 m) 
SPD. REF.: APN-182 DOPPLER 


LOADING: 2 AUX. TANKS; MAD 
GROSS WEIGHT: 10,851 lb (4,922 kg) 
CG: STATION 170.8 
CONFIGURATION: GEAR DOWN 


w.iwi w wrt « wn 


O SH-2F BUNO 149750— FLIGHT 


ENGINE TORQUE, 4Q 
% 


COLLECTIVE 70 
CONTROL POSITION, 

% FROM FULL DOWN 



LONGITUDINAL 
CONTROL POSITION, 
% FROM FULL FWD 




70 

DIRECTIONAL 50 
CONTROL POSITION, 

% FROM FULL LEFT 30 

10 



Figure 21.- lateral flight trimmed 


control position comparison. 
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ORIGINAL PAUiu V» 

OF POOR QUALITY 


ASE: ON 
OAT: -3°C 

ALTITUDE: 2,000 ft, H p (610 m) 
AIRSPEED: 70 kias (36 m/sec) 


LOADING: 2 AUX. TANKS; MAD 
GROSS WEIGHT: 11,421 lb (5,180 kg) 
CG: STATION 170.3 
CONFIGURATION: GEAR UP 


A SIMULATOR 

O SH-2F, BUNO 149750-FLIGHT 



Figure 22.- Power effects 


on trimmed control positions comparison. 
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f?'»NAL r,-,;.' 

F P °0R QUAUn 


ASE: ON 
OAT: -4°C 

ALTITUDE: 16 ft, AQL (5 m) 
WIND: 16 knots (7.7 m/soc) 


LOADING: 2 AUX. TANKS; MAD 
GROSS WEIGHT: 1 1,207 lb (5,083 kg) 
CG: STATION 170.1 
CONFIGURATION: GEAR DOWN 


A SIMULATOR 




< 




Figure 23.“ Critical azimuth comparison. 
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original, 
of poor QUAurv 


G) 


AC _ LOADING: 2 AUX. TANKS; MAD 

Ot i o GROSS WEIGHT: 12,091 lb (5,484 kg) 

OAT = -6 C CG: STATION 171.1 

ALTITUDE: 2,000 ft, H p (610 m) CONFIGURATION: GEAR UP 


NU 10 


PITCH ATTITUDE, 


ND -10 


A SIMULATOR 

O SH-2F BUNO 149750-FLIGHT 




LONGITUDINAL ™ 
CONTROL POSITION, 50 
% FROM FULL FWD 40 

30 

20 

PULL 5 

LONGITUDINAL 
CONTROL FORCE, 0 
lb 

PUSH -5 






40 60 TRIM 80 100 TRIM 120 

INDICATED AIRSPEED, knots 

Figure 24.- Static longitudinal stability comparison. 
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ORICiU'ir'Vu kM 

OF POOR QUALITY 


LOADING: 2 AUX. TANKS, MAD 
GROSS WEIGHT: 1 1,706 lb (5,309 kg) 
CG: STATION 170.6 
CONFIGURATION: GEAR UP 

A SIMULATOR 

O SH 2F BUNO 149750-FLIGHT 


LONGITUDINAL 
CONTROL POSITION, BA 
% FROM FULL FWD 60 

30 

RT 20 


10 

ROLL ATTITUDE. 

deg 0 

-10 


LT -20 


LATERAL w 
CONTROL POSITION, 

% FROM FULL LEFT 40 

20 




ASE: ON 

AIRSPEED: 70 kin (36 m/iec) 
OAT: -3°C 

ALTITUDE: 2000 ft, H p (610 m) 
SIDESLIP: DIRECT READING IN 
DIRECTIONAL GYRO 
TECHNIQUE IN A/C 


Figure 25.- Static lateral-directional stability comparison. 
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ORIGINAL PACE U 
OF POOR QUALITY 


AIRSPEED - 6.1 m/sac (10 knots) 
ASE - OFF 
ALTITUDE -244 m 


WEIGHT - 10,291 lb 
CG STATION - 169.8 
TEMPERATURE - 8°C 


SH*2F SIMULATION 


AFT 100 


LONGITUDINAL 
CYCLIC POSITION, 60 
% FROM FULL FWD 


FWD 


PITCH ANGULAR 
ACCELERATION, 0 
dag/sec? 


ND -100 
NU 25 


PITCH RATE, 
dag/sec 
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Figure 26.- Pitch axis control response, 10 knots, ASE off. j 
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(ZERO OFFSET) 


origin:.: 

OF POOR QUAU'lY 




AIRSPEED * 36,0 m/i«c (70 knoti) WEIGHT - 12,120 lb 

ASE ■ OFF CG STATION - 171.0 

ALTITUDE - 610 m TEMPERATURE - 10°C 


SH-2F SIMULATION SH-2F AIRCRAFT 




H — ♦ — + — ♦ — * — f- 






Figure 27.- Pitch axis control response, 70 knots, ASE off. 
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ORIGINAL ! ....... 

OF POOR QUALITY 


AIRSPEED ■ 6.1 m/Mc (10 knots) 
ASE-ON 

ALTITUDE - 244 m 


WEIGHT - 11,588 lb 
CG STATION - 170.5 
TEMPERATURE - 7 "C 


SH-2F SIMULATION 


SH 2F AIRCRAFT 


AFT 100 


LONGITUDINAL 
CYCLIC POSITION, 60 
% FROM FULL FWD 


FWD 0 
NU 100 


PITCH ANGULAR 
ACCELERATION, 0 
deg/sec 2 


ND -100 
NU 25 


PITCH RATE, 
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Figure 28.- Pitch axis control response, 10 knots, ASE on 


OF POOR QUALITY 


AIRSPEED ■ 36 m/tec (70 knots) 
ASE - ON 

ALTITUDE • 610 m 


WEIGHT * 11,632 lb 
CG STATION ■ 170.1 
TEMPERATURE »8°C 


SH-2F SIMULATION 


SH-2F AIRCRAFT 


AFT 100 


LONGITUDINAL 
CYCLIC POSITION, SO 
% FROM FULL FWD 


FWO 0 
NU 100 


PITCH ANGULAR 
ACCELERATION, 0 

deg/sec* 


ND -100 
NU 25 

PITCH RATE, 
deg/sec 


ND -25 
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d«g 0 

ND -50 
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Figure 29.- Pitch axis control response, 70 knots, ASE on. 
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ORIGINAL PAGE (9 
OF POOR QUALITY 


AIRSPEED ■ 6,1 m/Mo (10 knots) 
ASE - OFF 
ALTITUDE - 244 m 


SH-2F SIMULATION 



Figure 30.“ Roll axis control response, 


WEIGHT -10,721 lb 
CG STATION - 170.1 
TEMPERATURE - 8°C 


SH-2F AIRCRAFT 



l — I — ♦ — I — i — l — h 


l — I — I — i — i — i — ). 



10 knots, ASE off. 
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AIRSPEED ■ 36 m/sec (70 knots) 

ASE-OFF 

ALTITUDE - 610 m 


WEIGHT » 12,012 lb 
CG STATION - 170.9 
TEMPERATURE - 16°C 


SH-2F SIMULATION 
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Figure 31.- Roll axis control response, 70 knots, ASE off. 
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Figure 33.- Roll axis control response, 70 knots, ASE on. 
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Figure 36.- Yaw axis control response, 10 knots, ASE on. 
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Figure 3/.- Yaw axis control response, 70 knots, ASE on. 
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Figure 38.- Height axis control response, 10 knots, ASE off. 
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Figure 39.- Height axis control response, 70 knots, ASE off. 
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Figure 40.- Height axis control response, 10 knots, ASE on. ' I 
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Figure 41.- Height axis control response, 70 knots, ASE on 
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Figure 42.- Pitch due to roll coupling, 10 knots, ASE off. 
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Figure 43.- Pitch due to . '1 coupling, 70 knots, ASE off. 
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Figure 44.- Pitch du-5 to roll coupling, 10 knots, ASE on 
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Figure 45.- Pitch due to roll coupling, 70 knots, ASE on 
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Figure 47.- Roll due to pitch coupling, 70 knots, ASE off. 
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Figure 48.- Roll due to pitch coupling, 10 knots, ASE on. 
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Figure 49.- Roll due to pitch coupling, 70 knots, ASE on. 
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figure 53.- VMS motion system, rol! acceleration frequency response. 
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Figure 55.- VMS motion system, yaw acceleration frequency response. 
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